Glaucoma is a collection of neurodegenerative diseases that result in retinal ganglion cell (RGC) axon degeneration and death, ultimately leading to irreversible blindness. It is estimated that glaucoma will affect about 80 million people worldwide by 2020 [1] . Glaucoma is associated with structural damage at the optic nerve head, thinning of the neuroretinal rim, excavation (cupping), and sectoral retinal nerve fiber layer defects. Elevated pressure within the eye is the most important known risk factor for glaucoma, but lowering intraocular pressure (IOP) is not always sufficient to halt the progression of the optic neuropathy. Therefore, glaucoma is thought to be a neurodegenerative disease, possibly amenable to therapies other than IOP reduction [2] . Consequently, considerable effort has been made to develop neuroprotective strategies that prevent or delay disease progression [3] . For example, RGC neuroprotection was previously demonstrated using brain-derived neurotrophic factor (BDNF) [4] [5] [6] , ciliary neurotrophic factor [6] [7] [8] , glial cell line-derived neurotrophic factor [9] , and pigment-epithelium derived factor [10, 11] in rodent models of ocular hypertension, retinal ischemia, and ganglion cell axotomy.
BDNF protein into the vitreous (used as a positive control) provided retinal protection, no such acute phase protection was obtained through administration of an ssAAV2 vector encoding BDNF.
AAV vectors are considered optimal for ocular gene therapy because of their efficiency, persistence, and low immunogenicity [24] . Moreover, intravitreous injection of ssAAV2 leads to transduction of the RGCs lining the vitreous. Until now, however, the transduction efficacy has been low. Despite thousands of publications describing the protection of neurons in the laboratory, no beneficial treatment for human patients has yet been achieved. Therefore, we speculated that the lack of successful ocular gene therapy in humans is due to poor retinal transduction efficiency. We tested that idea in the present study by assessing the RGC neuroprotection provided by a mutant (triple Y-F) self-complementary AAV2 vector (tm-scAAV2), a vector with reportedly high transduction efficiency, in an experimental rat model of transient IOP elevation.
METHODS

Animals:
All experiments were performed using 7-week-old Sprague-Dawley rats weighing 200-250 g. For most experiments, the rats were divided into four groups: control, I/R injury without treatment, I/R injury with tm-scAAV2-green fluorescent protein (GFP) and I/R injury with tm-scAAV2-BDNF (n = 6 in each group). All animals were treated in accordance with the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research. The studies were approved by the Animal Care and Use Committee of Nippon Medical School.
Generation of AAV vectors:
After plasmid pscAAV-CB-BDNF harboring cDNA encoding human BDNF (Cat#; RC212722, OriGene, Rockville, MD) was constructed, a 0.9 kbp BamHI-FseI fragment containing the BDNF gene (Gene ID: 627, OMIM 113505) was excised, treated with klenow, and ligated into the HincII site of pscAAV2-GFP that encodes green fluorescent protein (provided by Dr. Arun Srivastava) [25] [26] [27] . pACG2-3M (pAAV2-Y730+500+444F; provided by Dr. Arun Srivastava) served as the packaging plasmid. AAV vectors were generated using an adenovirus-free system. The virions were purified with continuous iodixanol gradient centrifugation, as described previously [28, 29] , after which the particle titers of the purified virions were determined using real-time PCR. The titers of tm-scAAV2-BDNF and tm-scAAV2-GFP were 5×10 12 vector genomes (v.g.)/ml.
Expression pattern of tm-scAAV2-GFP in the rat control retina and the I/R injured retina:
To compare the patterns of GFP expression in healthy and I/R-injured retinas, the rats were anesthetized with an intraperitoneal injection of pentobarbital (50 mg/kg), and their pupils were dilated using topical phenylephrine hydrochloride and tropicamide (Santen, Osaka, Japan). After topical application of 0.4% oxybuprocaine hydrochloride (Santen), 3 μl of tm-scAAV2-GFP were intravitreally injected using a 33-gauge Hamilton needle and syringe, as described previously [30] . Three weeks after administration, the eyes were enucleated, sectioned, and immunostained using an anti-GFP antibody, as described in the Immunohistochemistry section.
Injection of AAV vectors and induction of rat I/R injury:
The rats were anesthetized with an intraperitoneal injection of pentobarbital (50 mg/kg), and their pupils were dilated using topical phenylephrine hydrochloride and tropicamide (Santen). After topical application of 0.4% oxybuprocaine hydrochloride (Santen), 3 μl of tm-scAAV2-BDNF or tm-scAAV2-GFP were intravitreally injected using a 33-gauge Hamilton needle and syringe, as described previously [30] . The same vectors were injected into both eyes. Two weeks later, retinal I/R injury was induced essentially as described previously [31] . The anterior chamber was cannulated with a 30-gauge infusion needle connected to a reservoir containing normal saline. The IOP was then raised to 110 mmHg for 60 min by elevating the saline reservoir. Retinal ischemia was confirmed by whitening of the iris and fundus. After 60 min of ischemia, the needle was withdrawn from the anterior chamber, and the IOP was normalized. We also set up a control non-transduced group that was defined as "no vehicle."
Semiquantitative real-time PCR in vivo:
To measure BDNF gene expression in the rat retina (n = 6), samples were transduced in the same manner described for the enzyme-linked immunosorbent assays (ELISAs). BDNF mRNA was then measured using a previously described method [32] with primers obtained from OriGene (Cat#; HK201084). As a control, GAPDH was used. PCR conditions were as follows: 95 °C for 10 s, followed by 40 cycles of 95 °C for 5 s and 60 °C for 34 s.
ELISA in vitro and in vivo:
An ELISA was used to assess expression of tm-scAAV2-BDNF in vitro. C2C12 cells (ATCC ® CRL-1772™, Manassas, VA) maintained in Dulbecco's modified Eagle's medium (DMEM, Sigma-Aldrich, St. Louis, MO) supplemented with 8% fetal bovine serum were seeded to a density of 3×10 4 cells/well in a 24-well plate and allowed to adhere for 6 h, after which they were transduced with 5 μl of tm-scAAV2-BDNF. Twenty-four hours later, the cells were washed 3 times to remove any BDNF that originated from the C2C12 cells before transduction. After incubation for an additional 3 days, the supernatants were collected and preserved at −80 °C until analyzed (n = 3 in each group). The BDNF levels were determined using a human BDNF Quantikine ELISA kit according to the manufacturer's protocol (R&D Systems, Minneapolis, MN).
To measure retinal BDNF production, the sclera-choroid-RPE complexes and neurosensory retinas were isolated from the rats 7 days after the induction of I/R. Thereafter, samples of the sclera-choroid-RPE complex and neurosensory retina were placed in 200 μl of saline and homogenized. The resultant lysate was centrifuged at 45,000 ×g for 5 min at 4 °C, and the BDNF levels in 50 μl aliquots of supernatant were determined using a human BDNF Quantikine ELISA kit. In addition, the total protein concentrations were measured using a protein assay system (Bio-Rad Protein Assay Dye Reagent Concentrate; Bio-Rad Laboratories, Hercules, CA). The final results are expressed as picograms of BDNF per milligrams of total retinal protein in the in vivo experiment.
Thickness of the inner retina and cell counts in the RGC layer:
Thinning of the inner retina is apparent after retinal I/R injury [31] . To measure retinal thickness, the rats (n=6) were anesthetized with an intraperitoneal injection of pentobarbital (50 mg/kg) 7 days after injury, after which sections were prepared as previously described [31] . In brief, The eyes were enucleated and fixed for 1 h in 1% glutaraldehyde (GA) and 4% paraformaldehyde (PFA) in 0.1 M phosphate-buffered saline (PBS; 0.1 g/l MgCl 2 • 6H 2 O, 0.2 g/l KCI, 0.2 g/l KH 2 PO 4 , 8.0 g/l NaCl, 1.15 g/l Na 2 HPO 4 , pH7.2, D5773, SigmaAldrich), after which the anterior segments were removed, and the corneas and lenses were discarded. The entire eye cups were then further fixed overnight in 1% GA and 4% PFA at 4 °C and then sequentially transferred in a stepwise manner to PBS with 10% sucrose for 3 h, 20% sucrose for 6 h, and 30% sucrose overnight. The eyes were then frozen in optimum cutting temperature (OCT) compound on dry ice, and 10-μm cryostat sections were cut in a plane parallel to the vertical meridian of the eye. Sections were then stained with hematoxylin and eosin (H&E). Retinal thickness, defined as the total width between the inner limiting membrane and the interface of the inner nuclear layer, was then measured. These measurements were made in an area 1 mm from the optic disc using a light microscope, and the thicknesses measured in three sections were averaged. Simultaneously with the retinal thickness, the cell density in the RGC layer was determined in three sections per eye at a final magnification of 400× using a light microscope. All measurements and cell counts were performed using image analysis software (Photoshop; Adobe Systems, San Jose, CA).
Immunohistochemistry: Eyes were enucleated 7 days after reperfusion and fixed for 1 h in 1% glutaraldehyde (GA) and 4% paraformaldehyde (PFA) in 0.1 M PBS, after which the anterior segments were removed, and the corneas and lenses were discarded. The entire eye cups were then further fixed overnight in 1% GA and 4% PFA at 4 °C and then sequentially transferred in a stepwise manner to PBS with 10% sucrose for 3 h, 20% sucrose for 6 h, and 30% sucrose overnight. The eyes were then frozen in optimum cutting temperature (OCT) compound on dry ice, and 10-μm cryostat sections were cut in a plane parallel to the vertical meridian of the eye. After the eyes were frozen in OCT compound on dry ice, 10-μm cryostat sections were cut in a plane parallel to the vertical meridian of the eye. Three sections from each eye were analyzed immunohistochemically, as described previously [33, 34] . The primary antibodies used were rabbit anti-GFP (1:1,000; Santa Cruz Biotechnology, Heidelberg, Germany), goat anti-Brn-3a (1:400; sc-31984, Santa Cruz Biotechnology), and rabbit anti-cow glial fibrillary acidic protein (GFAP; 1:500; Dako, Copenhagen, Denmark). The secondary antibodies used were Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:500; Invitrogen, Life Technology Japan, Tokyo, Japan) for GFP, Alexa Fluor 568-conjugated donkey anti-goat immunoglobulin G (IgG, 1:300; Invitrogen) for Brn-3a, and biotinylated anti-rabbit IgG (Vector Laboratories, Burlingame, CA) and Cy3-conjugated streptavidin (Jackson ImmunoResearch Laboratories, West Grove, PA). Sections were then mounted using medium containing 4',6'-diamidino-2-phenylindole (DAPI, Vector Laboratories) and observed under a fluorescence microscope (Olympus DP50, Tokyo, Japan).
Electroretinograms: Six days after I/R injury, full-field electroretinogram (ERG) responses from the experimental and control eyes were simultaneously recorded using a synchronized trigger and summing amplifier (Primus; Mayo, Nagoya, Japan) with a stimulation device (LS-W; Mayo), as described in our previous report [30] . In brief, rats were darkadapted overnight, then anesthetized with an intraperitoneal injection of ketamine (90 mg/kg) and xylazine (10 mg/kg). Using topical 0.4% oxybuprocaine hydrochloride, the cornea was anesthetized, and the pupils were dilated with 0.5% tropicamide and 0.5% phenylephrine hydrochloride. Electroretinograms (ERGs) were recorded using a synchronized trigger and summing amplifier (Primus; Mayo, Nagoya, Japan) with a stimulation device (LS-W; Mayo). Dark-adapted ERG responses were recorded using a white light-emitting diode with built-in corneal contact-type bipolar electrodes, which were placed on each cornea. Subcutaneous needle electrodes were also placed in the forehead and earlobe as the negative and ground electrodes. After overnight dark-adaptation, dilated pupil and scotopic responses were examined. ERG responses were measured according to the International Society for Clinical Electrophysiology of Vision guidelines. Scotopic-adapted standard white flash stimuli were set at 1000 cd/m 2 for 3 ms. At least three ERG readings were collected from each eye. Experimental and control eyes from each rat were compared at each time point to minimize the effect of individual conditions.
Intensity index of GFAP expression: Levels of GFAP expression in the four groups were analyzed using ImageJ software (Version 1.44, NIH, Bethesda, MD), as previously described [30, 35] . Each image was captured using the same camera settings for gain and time (400×, 1/10 s). Data were obtained for each region of interest (ROI) based on pixel intensity and averaged across three images for each eye. Quantitation was performed in a blinded manner.
Statistical analysis: Morphometric data from different regions in each eye were averaged to provide one value per eye. The mean and standard deviation (SD) for these measurements were calculated for each group, and comparisons between groups were made by using the Student-Newman-Keuls (SNK) method (Excel; Microsoft, Tokyo, Japan). A p value of less than 0.05 was considered statistically significant.
RESULTS
Pattern of tm-scAAV2-GFP expression in normal and I/Rinjured retinas:
Petrs-Silva et al. reported that the tm-scAAV2 vector exhibited high transduction efficiency following intravitreous injection [26] and that this vector enhanced the efficiency of ganglion cell transduction by >30-fold after intravitreal injection [25] . Upon intravitreal administration, tm-scAAV2-GFP transduced numerous ganglion cell layer (GCL) neurons, Müller cells, and inner nuclear layer (INL) cells in healthy and I/R-injured retinas (Figure 1) . In subsequent experiments, therefore, the tm-scAAV2 vector was used to express BDNF in the rat retina.
BDNF expression: Using semiquantitative real-time PCR to
analyze BDNF gene expression, we found that the BDNF/ GAPDH ratio for the tm-scAAV2-BDNF group was significantly higher than in the tm-scAAV2-GFP group (Figure 2A,  8 .42±2.15 versus 1.73±1.03; p<0.01). In addition, a specific ELISA showed that there was a corresponding increase in the levels of the BDNF protein ( Figure 2B) . Furthermore, the BDNF of the tm-scAAV2-BDNF-transduced C2C12 cells were significantly higher than the BDNF of the non-transduced cells (16.6±0.85 ng/ml versus 0.175±0.05 ng/ml; p<0.01; data not shown). The BDNF levels in the neurosensory retina from rats treated with tm-scAAV2-BDNF were also significantly higher than in retinas treated with tm-scAAV2-GFP 
Effect of AAV vector-mediated BDNF expression on histopathological changes, cell density in the RGC layer, and
Brn-3a-positivity in retinal cross sections: To evaluate the protective effect of tm-scAAV2-BDNF, we examined histopathologic and morphometric changes 7 days after retinal I/R injury. The retinal thickness of the normal group was 45.5±2.9 μm. In the tm-scAAV2-BDNF-treated group, the retinal structure was thicker and nearly normal, whereas retinas in the tm-scAAV2-GFP-treated group exhibited marked thinning and atrophy, as did retinas in the no vehicle I/R-injured group (26.6±3.7 μm; Figure 3A ). Using quantitative morphometry, we also determined that the I/R-injured retinas treated with tm-scAAV2-BDNF (45.4±4.2 μm) were significantly thicker than the retinas treated with tm-scAAV2-GFP (30.2±3.0 μm; Figure 3B ; p<0.01; n = 6 in each group).
GCL cell counts were made on cross-sectional slides stained with H&E [36, 37] . No attempt was made to distinguish RGCs from displaced amacrine cells or other neuronlike cells, but morphologically distinguishable glial cells and vascular endothelial cells were excluded. The mean number of cells in the RGC layer or section in rats treated with tm-scAAV2-BDNF was significantly greater than in rats treated with tm-scAAV2-GFP ( Figure 3C Electroretinograms: Scotopic ERG results are summarized in Figure 5 . Figure 5A contains representative ERG recordings; Figure 5B shows the b-wave amplitudes. There was no statistical difference in b-waves between the normal (990.4±148.2 μv) and tm-scAAV2-BDNF (862.6±146.6 μv) groups. The tm-scAAV2-BDNF treatment provided significant protection to retinas, compared to the no vehicle (467.1±256.7 μv; p<0.01) and tm-scAAV2-GFP (484.8±201.6 μv; p<0.01) treatments. In addition, the absence of a significant difference between the no vehicle-and tm-scAAV2-GFP groups indicates AAV2 transduction causes no obvious toxicity.
Transduction of retinal neurons and expression of GFAP in I/R-injured retina:
GFAP staining is a widely used molecular indicator of retinal stress [38] . We investigated the immunohistochemical changes in GFAP 7 days after retinal I/R injury. Shown in Figure 6A are representative images of normal and I/R-injured retinas. GFAP immunostaining was significantly diminished in the tm-scAAV2-BDNF (4.8±4.4) -scAAV2-GFP) , or tm-scAAV2-brain-derived neurotrophic factor (BDNF) treatment. Thickness is defined as the total width between the inner limiting membrane and the interface of the inner nuclear layer (double arrow). Scale bar, 50 μm. B: Inner retinal thicknesses in each treatment group. n = 6 in each group. Bars depict means ± standard deviation (SD). The thickness of the I/R-injured retinas treated with the tm-scAAV2-BDNF vector was significantly greater than that of the no vehicle (**p<0.01) retinas and the retinas treated with the tm-scAAV2-GFP vector (**p<0.01). C: Number of cells in the retinal ganglion cell (RGC) layer or section. A significantly greater number of cells was retained after I/R injury in the RGC layer of retinas treated with tm-scAAV2-BDNF than in the no vehicle (*p<0.05) retinas or those treated with the tm-scAAV2-GFP vector (**p<0.01). Bars depict means ± standard deviation (SD). b-wave amplitudes 6 days after ischemia. Bars depict means ± standard deviation (SD). There was no statistical difference in the b-waves between the normal retinas (n = 8) and the tm-scAAV2-BDNFtreated retinas (n = 6; p>0.05). The tm-scAAV2-BDNF-treated retinas were significantly protected compared to the no vehicle (n = 8; **p<0.01) and tm-scAAV2-GFP (n = 3; **p<0.01) groups.
group compared to the no vehicle (15.8±8.8; p<0.01) and tm-scAAV2-GFP (12.3±0.6; p<0.01; Figure 6B ) groups.
DISCUSSION
In this study, we used the tm-scAAV2 vector to achieve high transduction efficiency in retinas after a single intravitreous injection. The ELISA results showed that high levels of BDNF were produced in the rat neural retina after tm-scAAV2 administration, and histological analysis demonstrated that the BDNF exerted protective effects at the inner retina resulting in the presence of a greater number of cells in the RGC layer after transient IOP elevation. Functionally, ERG analyses confirmed the preservation of retinal function after transient IOP elevation. Collectively, these results indicate that tm-scAAV2-BDNF is potentially useful for neuroprotective gene therapy.
We used the rat transient IOP elevation model, which induces retinal I/R injury and has the characteristics of retinal artery occlusion [39] and glaucoma [40] . In an earlier study [23] , supplemental BDNF protein and ssAAV2-BDNF were administered 6 h after retinal ischemia/reperfusion. The supplemented BDNF protein was effective for the acute phase of retinal artery occlusion, and the slow-onset AAV-mediated BDNF expression was effective for the later phase, which is probably more similar to the gradual loss of RGCs observed in chronic glaucoma models [8, 41] . In the present experiment, the tm-scAAV2-BDNF vector was administered 2 weeks before retinal ischemia-reperfusion. We reasoned that 2 weeks should be sufficient to induce gene expression using the tm-scAAV2 vector. An intravitreally delivered tm-scAAV2 vector was previously reported to have marginally higher transduction efficiency than ssAAV2 and to mediate rapid expression in the inner retinal cells [42] . Similarly, we observed tm-scAAV2-GFP expression 2 days after intravitreous injection, and the intensity of the tm-scAAV2-GFP expression gradually increased thereafter (data not shown). These results suggest that at the time of retinal I/R, the tm-scAAV2 vector was mediating sufficient BDNF expression to provide a neuroprotective effect.
To evaluate retinal damage due to I/R injury, tissue sections were immunostained for GFAP, a widely used molecular indicator of retinal stress. Rats administered tm-scAAV2-GFP showed substantial GFAP expression following I/R injury, whereas tm-scAAV2-BDNF suppressed GFAP expression, presumably reflecting amelioration of the I/R injury. In healthy retinas, the GFAP-positive cells are astrocytes. In injured retinas, Müller cells (retina-specific glial cells) react with the anti-GFAP antibody across the retinal layers [43] . Similar GFAP activation has also been observed in the neuronal retina in human glaucoma [44] and in an experimental glaucoma model [45] . Our findings suggest tm-scAAV2-BDNF reduces the retinal damage caused by transient IOP elevation.
BDNF plays a key role in the central and peripheral nervous systems, supporting the survival of existing neurons and encouraging the growth and differentiation of new neurons and synapses [46, 47] . Compared to the retinas of healthy mice, the retinas in mice lacking BDNF have smaller retinal ganglion cell axons, reduced hypomyelination, and lower density of GCL cells and horizontal, bipolar, and amacrine cells [48, 49] . Administration of BDNF to mice lacking BDNF increased the density of the GCL, horizontal, bipolar, and amacrine cells [48] . We found that tm-scAAV2-GFP has the capacity to directly transduce GCL and Müller cells. BDNF derived from tm-scAAV2-transduced GCL cells may act directly to protect neuronal cells, as tyrosine kinase receptor B (trkB), the BDNF receptor, is expressed in GCL and Müller cells [50] . TrkB mediates the effect of BDNF, which includes neuronal differentiation and survival. In addition, it was also recently reported that TrkB plays a role in indirect neuronal protection and is indispensable for the renewal of neuronal cells [51] . It may be crucial that GCL and Müller cells are transduced with BDNF for neuronal protection to be achieved.
Although the present findings suggest strong BDNF expression could play an important role in the treatment of various retinal diseases, traditional therapeutic approaches remain essential. These therapies include reduction of IOP in glaucoma [52] , thrombolytic therapy for retinal artery occlusion [53] , reduction of blood pressure in hypertensive retinopathy [54] , and photocoagulation in diabetic retinopathy [55] . We suggest BDNF gene therapy may be useful in combination with these traditional approaches.
In conclusion, we have shown that gene therapy with tm-scAAV2-BDNF is an effective means of preventing retinal ischemic damage in rats. This finding demonstrates the feasibility of using an in vivo gene therapeutic approach to the clinical management of retinal diseases such as glaucoma.
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